A -hexachlorocyclohexane (HCH)-degrading bacterium, Sphingomonas sp. MM-1, was isolated from soil contaminated with HCH isomers. Cultivation of MM-1 in the presence of -HCH led to the detection of five -HCH metabolites, -pentachlorocyclohexene, 2,5-dichloro-2,5-cyclohexadiene-1,4-diol, 2,5-dichlorohydroquinone, 1,2,4-trichlorobenzene, and 2,5-dichlorophenol, strongly suggesting that MM-1 has the lin genes for -HCH degradation originally identified in the wellstudied -HCH-degrading strain Sphingobium japonicum UT26. Southern blot, PCR amplification, and sequencing analyses indicated that MM-1 has seven lin genes for the conversion of -HCH to -ketoadipate (six structural genes, linA to linF, and one regulatory gene, linR). MM-1 carried four plasmids, of 200, 50, 40, and 30 kb. Southern blot analysis revealed that all seven lin genes were dispersed across three of the four plasmids, and that IS6100, often found close to the lin genes, was present on all four plasmids.
-Hexachlorocylohexane (-HCH: also called -BHC or lindane) is a chlorinated organic insecticide that has caused serious environmental problems. The technical formulation of HCH (t-HCH) consists mainly of insecticidal -isomer and non-insecticidal -, -, and -isomers. Usually -HCH is purified from t-HCH, and in some cases all of the residual isomers except -HCH are abandoned inappropriately. Furthermore, t-HCH itself has also been used as an insecticide, and thus not only -HCH but also other HCH isomers are important environmental pollutants. Currently the use of HCH is banned because of its toxicity and stability in soil, 1, 2) but many HCH-contaminated sites are still present around the world. Although only about 65 years have passed since the first dissemination of -HCH into the environment, 2) many -HCH-degrading soil bacterial strains have been isolated. This suggests that -HCH-degrading bacteria acquired their -HCH-degrading abilities within a relatively short period, and it motivates us to elucidate the mechanisms of bacterial adaptation toward these man-made chemical compounds.
A -HCH-degrading bacterium, Sphingobium japonicum UT26, was isolated from a -HCH-contaminated soil in Japan. 3) In UT26, -HCH is converted toketoadipate via sequential reactions catalyzed by LinA to LinF, and -ketoadipate is further metabolized in the TCA cycle (Fig. 1) . 4) The UT26 genome consists of two circular chromosomes of 3.5 Mb (Chr 1) and 682 kb (Chr 2), a 191 kb-large plasmid (pCHQ1), and two small plasmids of 32 and 5 kb. 4, 5) The lin genes for -HCH degradation are dispersed on Chr 1 (linA, linB, linC, and linKLMN), Chr 2 (linF and linGHIJ), and pCHQ1 (linRED). 4, 5) Comparison of the UT26 genome with those of other sphingomonad strains indicated that the specific lin genes for the conversion of -HCH to -ketoadipate (linA, linB, linC, linRED, and linF) are located on DNA regions unique to the UT26 genome, suggesting the recent acquisition of these lin genes by horizontal gene transfer. 4, 5) On the other hand, linGHIJ and linKLMN are located on conserved regions in the genomes of these sphingomonad strains, suggesting that the linGHIJ-encoded -ketoadipate pathway and the LinKLMN-type ABC transporter system 6) are involved in core functions of sphingomonads. 4, 5) Based on these results, we have proposed a model in which UT26 was established by recruiting the specific lin genes (linA, linB, linC, linRED, and linF) into an ancestral strain having the core functions of sphingomonads. 4, 5) Nearly identical lin genes have been identified in other -HCH-degrading bacterial strains, such as S. indicum B90 in India, S. francense Spþ in France, and sphingomonad strains isolated in Germany and Spain. [7] [8] [9] The specific lin genes (linA to linF) in these strains are often located in close proximity to IS6100, and at least some of them are located on plasmids: linA, linB, and linE in Spþ and linA in B90. 7, 8) Furthermore, we successfully isolated by the exogenous plasmid isolation technique from HCH-contaminated soil a conjugative plasmid, pLB1, that carries an IS6100-composite transposon containing two copies of linB.
10)
These facts strongly suggest that the plasmids and IS6100 have important roles in the distribution of the specific lin genes under environmental conditions. Catabolic gene clusters for the degradation of recalcitrant compounds are often located on plasmids and are y To whom correspondence should be addressed. Tel: +81-22-217-5682; Fax: +81-22-217-5699; E-mail: aynaga@ige.tohoku.ac.jp Abbreviations: HCH, hexachlorocyclohexane; t-HCH, technical formulation of HCH disseminated by conjugation. [11] [12] [13] [14] [15] [16] [17] Although the structural dynamism of several catabolic plasmids in the degradation of aromatic compounds has been analyzed in detail, 18) information on plasmids carrying lin genes is still limited and fragmental. In this study, we newly isolated the -HCH-degrading strain Sphingomonas sp. MM-1 from a -HCH-degrading mixed culture that originated in a t-HCH-contaminated soil, and found that all the specific lin genes, linA to linF, were dispersed on multiple plasmids in MM-1.
Materials and Methods
Culture conditions. A -HCH-degrading mixed culture originating in t-HCH-contaminated soil 19) , 0.06 mg per liter) containing yeast extract (100 mg/mL) and -HCH (500 mg/mL) (Nakarai Chemical, Kyoto, Japan) at 30 C at a speed of 120 rpm. For single colony isolation, the mixed culture was diluted appropriately and spread on a 1/10W agar (1.5% w/v) plate containing -HCH (500 mg/mL). An isolated -HCH-degrading strain, Sphingomonas sp. MM-1, a non--HCH-degrading strain, Pseudomonas aeruginosa MTB-1, and a reference strain, Sphigobium japonicum UT26, were cultivated at 30 C on a 1/3LB (3.3 g of Bacto Tryptone, 1.7 g of yeast extract, and 5 g of sodium chloride per liter) agar (1.5% w/v) plate.
DNA manipulation. Established methods were used in the preparation of plasmid DNA, its digestion with restriction endonucleases, ligation, agarose gel electrophoresis, and the transformation of E. coli cells. 20) To clone parts of 16S rRNA and the lin genes of the isolated strains, and to determine whether the plasmids in MM-1 have replication machinery homologous to known plasmids, PCR was performed using Premix ExTaq (Takara, Kyoto, Japan) and the sets of primers listed in Table 1 . Isolation of total DNA of Sphingomonas sp. MM-1 was performed as described previously.
3) Plasmids residing in MM-1 were extracted by Kado's method 21) from cells grown on a 1/3LB agar plate for 2 d at 30 C, and were analyzed by electrophoresis using 0.8% agarose gel at 50 V for 4.5 h at 4 C. To clone the entire lin genes and the flanking regions of the MM-1 plasmids, a cosmid library of the MM-1 plasmids was constructed using a SuperCos1 Cosmid Vector Kit (Stratagene, La Jolla, CA). MM-1 plasmid DNA was partially digested with Sau3AI, ligated with BamHItreated SuperCos1 vector, packaged, and transfected into E. coli XL1-Blue MR using Gigapack III Gold Packaging Extract (Stratagene). Cosmids that contained the lin genes were selected by PCR screening using the primers listed in Table 1 . Southern blot analysis was carried out by the conventional protocol using a Digoxigenin system (Roche Diagnostics, Mannheim, Germany). Hybridization with the probes was performed at 65 C.
DNA sequencing analysis. The DNA sequences were determined with an ABI 310 sequencer and ABI Prism Big Dye terminator kit (Applied Biosystems, Foster City, CA). Nucleotide sequences were analyzed using the Genetyx program, version 15 (Genetyx, Tokyo). A homology search was performed using a BLAST program available at the National Center for Biotechnology Information web site (http: //blast.ncbi.nlm.nih.gov/Blast.cgi).
Analysis of -HCH metabolites. Two hundred mg of Sphingomonas sp. MM-1 cells was suspended in 200 mL of W minimal medium 22) containing -HCH (5.5 mg/mL) and incubated at 30 C for the appropriate periods.
3) -HCH and its metabolites in the suspension were extracted with equal volumes of ethyl acetate and analyzed with a gas chromatograph with a 63 Ni electron capture detector (Shimadzu GC-17A; Shimadzu, Kyoto, Japan) and an Rtx-1 capillary column (30 m Â 0:25 mm Â 0:25 mm: Restek, http://www.restekcorp.com). The column temperature was increased from 100 to 260 C at a rate of 20 C/min, and the gas flow rate was 30 mL/min. One unit of -HCH degradation activity was defined as the amount necessary for the degradation of 1 mmol of -HCH in 1 min. For further characterization of the metabolites, the same samples, extracted by ethyl acetate, were analyzed by GC-MS spectrometry with a QP2010 spectrometer (Shimadzu) and the DB-17 capillary column (30 m Â 0:25 mm Â 0:25 mm; J&W Scientific, Folsom, CA). The column temperature was increased from 100 C to 260 C at a rate of 10 C/min. The gas flow rate was 14 mL/min. The spectra were identified with the help of the NIST 02 Mass Spectral Library (Shimadzu).
Nucleotide sequence accession numbers. The nucleotide sequences of the 16S rRNA gene, linA on pISP1, the linRED cluster on pISP3, linC on pISP1, linF on pISP1, and the DNA region containing linB, linC, and linF on pISP4 in Sphingomonas sp. MM-1 have been deposited in the DDBJ/EMBL/GenBank databases under accession numbers AB557943, AB549720, AB549721, AB572067, AB572068, and AB549722 respectively. a Primers designed following Gotz et al.
24)

Results
Isolation of a -HCH-degrading bacterium, Sphingomonas sp. MM-1
A -HCH-degrading mixed culture originating in t-HCH-contaminated soil 19) was incubated in 1/10W minimal medium containing yeast extract and -HCH for 1 week, and then the cells in the medium were collected by centrifugation and inoculated into a fresh aliquot of the same medium. This series of procedures was repeated once more. The resulting culture was diluted appropriately and spread on a 1/10W agar plate containing -HCH. A single colony that formed a clear zone on the -HCH plate was chosen and used in further analysis. This isolate exhibited -HCH-degrading ability after growth on the 1/3LB plate. The 16S rRNA gene of the isolate showed 99% identity to that of Sphingomonas sp. alpha4-5 (AY771798), 23) and hence this isolate was designated Sphingomonas sp. MM-1. We also isolated a non--HCH-degrading strain, Pseudomonas aeruginosa MTB-1, from the mixed culture.
Metabolites of -HCH in MM-1
The -HCH degradation activity of MM-1 was confirmed by GC analysis. MM-1 degraded -HCH at a rate of 7:3 Â 10 À4 U/mg of cells. The activity was weaker than that of UT26 (2:7 Â 10 À3 U/mg cells). Five peaks for the -HCH metabolites, whose retention times were identical to those of -pentachlorocyclohexene, 2,5-dichloro-2,5-cyclohexadiene-1,4-diol, 2,5-dichlorohydroquinone, 1,2,4-trichlorobenzene, and 2,5-dichlorophenol, were detected (data not shown). GC-MS analysis revealed that the MS fragment patterns of these metabolites were identical to the corresponding compounds (data not shown). These results strongly suggest that MM-1 degrades -HCH via the same pathway as does UT26 (Fig. 1) , and that MM-1 also has the lin genes involved in the pathway.
Detection of the lin genes in MM-1
Southern blot analysis of total genomic DNA of MM-1 was performed using the UT26 lin genes as probes (Fig. 2h) . MM-1 possessed at least one copy of DNA sequences highly homologous to all seven lin genes, linA to linF and linR (Fig. 2) . Furthermore, the signal patterns by the Southern blot analysis suggested that MM-1 carries at least two copies of linC (Fig. 2c , lanes 4 and 5) and linF (Fig. 2f, lanes 1 to 4) .
Plasmids in MM-1
The plasmids in MM-1 were extracted by Kado's method 21) and were analyzed by gel electrophoresis (Fig. 3, lane 1) . Strain MM-1 possessed at least four plasmids, which were designated pISP1 to pISP4. Their sizes were 200, 50, 40, and 30 kb respectively as estimated by comparison with plasmids whose sizes are a linA blinB The DNA fragments amplified by PCR using the primers listed in Table 1 known (data not shown). Whether MM-1 plasmids have replication machinery homologous to known plasmids was of great interest, and thus PCR analysis of MM-1 plasmids for amplification of the repA genes of known plasmids were conducted using the sets of primers listed in Table 1 . The repA genes of IncP-7-and IncP-9-group plasmids, 24) and those of sphingomonad-plasmids, pSWIT02 25) and pNL1, 26, 27) were used as targets. Sets of primers for the IncP-7-and IncP-9-group plasmids were designed following Gotz et al. 24) Conditions under which amplified signals can be detected in positive control samples were used, but no amplified signal was detected (data not shown). Furthermore, no signal was detected in Southern blot analysis of MM-1 plasmids probed with the repA gene of pNL1 26, 27) and putative ori-rep region of pLB1 10) under low stringency conditions (data not shown). These results suggest that the MM-1 plasmids were novel. Other Southern blot analyses of these plasmids were also performed with the lin genes of UT26 as probes (Fig. 3, lanes 2 to 8) . It was found that all the lin genes used as probes (linA, linB, linC, linD, linE, linF, and linR) were located on the plasmids. Their locations were as follows: linA on pISP1; linB on pISP4; linC on pISP1 and pISP4; linD, linE, and linR on pISP3; linF on pISP1 and pISP4. Southern blot analysis of the transposase gene (tnpA) of IS6100, which is highly associated with the lin genes in other -HCHdegrading bacteria, 8, 28, 29) revealed that the IS6100 tnpA gene was located on all four plasmids (Fig. 3, lane 9) .
Nucleotide sequences of the lin genes of MM-1 Portions of the five lin genes (linA, linB, linD, linE, and linR) in MM-1 were amplified by PCR using the primers listed in Table 1 and their nucleotide sequences were determined. Cosmids that contained lin genes were selected from the cosmid library of MM-1 plasmid DNA by PCR screening using the primers listed in Table 1 . The nucleotide sequences located adjacent to the PCRamplified sequences were determined using the cosmids and primers listed in Table 1 . The sequences of two linC and linF genes were also determined separately using the cosmids. The nucleotide sequences obtained by these approaches were then merged. The linA, linB, linC, linD, and linE genes of MM-1 were almost identical to those of UT26 (99%, 99%, 99%, 100%, and 100% identity, respectively). The two linC genes of MM-1 were different by only 1 nt, which causes one amino-acid substitution. The two linF genes of MM-1 were identical to each other and almost identical to that of UT26 (99%), but their 5 0 regions were truncated by the insertion of IS6100 (Fig. 4b) . Our sequence analysis indicated that the linD, linE, and linR genes constitute an operon in MM-1 (Fig. 4a) , as in the case of UT26, The locations and directions of the lin and other putative genes are illustrated by pentagons. a, The 5,297 bp region, probably derived from pISP3 (acc no. AB549721), was 99% identical to that of pCHQ1 in UT26 (acc no. AP010805: the region compared is shown by the position numbers). orf1, orf2, and orf3 encode putative a / hydrolase superfamily protein, a putative esterase, and a conserved hypothetical protein respectively. b, Putative genes in the 12,763 bp DNA region, probably derived from pISP4 (acc no. AB549722), were annotated as shown in Table 2 . Two copies of linF in MM-1 were identical. The 5 0 regions of linF in MM-1 were truncated by the insertion of IS6100. Copies of IS6100 are shown by boxes, and the directions of their tnpA genes are indicated by arrows.
and that the entire 5,297-bp region containing the three genes in MM-1 was 99% identical to that of UT26, while the linB, linC, and linF genes were located on a 12,763 bp DNA fragment, probably derived from pISP4 (Fig. 4b) . These DNA regions were annotated as shown in Fig. 4 and Table 2 .
Discussion
In this study, we isolated the -HCH-degrading bacterium Sphingomonas sp. MM-1 from a -HCHdegrading mixed culture originating in t-HCH-contaminated soil. 19) In MM-1, -HCH is probably metabolized via the same pathway as in UT26 (Fig. 1) , because (i) five metabolites detected in UT26 were also detected in MM-1, and (ii) MM-1 possessed all the lin genes for the conversion of -HCH to -ketoadipate. However, our sequenced linF genes of MM-1 appear to be nonfunctional remnants, since both copies of linF of MM-1 were truncated (Fig. 4b) . Another functional gene that is non-homologous to linF but encodes a protein showing maleylacetate reductase activity might contribute to the conversion of maleylacetate to -ketoadipate in MM-1, although the possibility could not be excluded that another functional linF gene exists on the chromosome.
We isolated MM-1 from the mixed culture, but the mixed state might have had some advantages for -HCH degradation in the original culture, which consisted of at least two strains, Sphingomonas sp. MM-1 and Pseudomonas aeruginosa MTB-1. Only the non--HCHdegrading MTB-1 grew preferentially in nutrient-rich media such as 1/3LB, while the two strains coexisted stably in -HCH minimal medium (data not shown). Considering the difficulty of isolating MM-1 from the mixed culture, MTB-1 might have some functions supporting the growth of MM-1 in -HCH minimal medium. However, another possibility cannot be excluded that MTB-1 also maintains the lin genes only in -HCH minimal medium, as suggested by Kumar et al. 31) Elucidation of a mechanism for the coexistence of the two strains in -HCH minimal medium would be of great interest.
Although several -HCH-degrading bacterial strains carrying some of the lin genes on the plasmids have been reported, MM-1 is unique in that all six lin genes (linA to linF) essential to the conversion of -HCH to -ketoadipate are located on three plasmids. Our previous studies indicate conjugal transferability of (i) pCHQ1 (linRED carrier) from UT26 under laboratory conditions 32) and (ii) pLB1 (linB carrier) under laboratory and environmental conditions. 10) It is therefore of interest to determine whether the catabolic plasmids in MM-1 can be conjugally transferred to other strains.
In this study we determined the partial gene organizations of the lin genes on MM-1 plasmids using cosmid clones (Fig. 4) , but we analyzed only a limited number of cosmid clones, and the possibility cannot be excluded that each cosmid clone we analyzed contains DNA fragments derived from more than one plasmid. Hence, we did not analyze the cosmid clones in further detail. More comprehensive studies are necessary to determine the exact gene organization of MM-1 plasmids.
By our plasmid extraction technique, it was impossible to exclude completely contamination by chromosome DNA. Obvious signals at the well positions of the lanes for linA and IS6100 (Fig. 3 ) strongly suggest that the linA gene and IS6100 are present not only on plasmids but also on the chromosome. However, if MM-1 has more than one copy of the linA gene, a relatively long region containing the linA gene may be duplicated, because only a single band was detected on Southern blot analysis of total DNA probed with the linA gene (Fig. 2a) . IS6100 is 880 bp in size and carries the tnpA gene encoding transposase and 14-bp terminal inverted repeats (IR) at both ends. 33) The lin genes are often located in close proximity to IS6100, 9) and we also found copies of IS6100 on the four plasmids in MM-1 (Fig. 3) . Our recent analysis of spontaneous linA-, linC-, and linRED-deletion mutants of UT26 suggested the involvement of IS6100 in these genome rearrangements, including deletion and recombination between plasmids and chromosomes (Natsui et al., unpublished data). It is plausible that IS6100 has such a role in MM-1.
Only about 65 years have passed since the first environmental release of -HCH.
2) Bacteria have thus developed and distributed the ability to assimilate -HCH within a relatively short period. Although the origin of lin genes remains mysterious, our present study clearly confirms the hypothesis that plasmids in combination with IS6100 greatly contributed to the distribution of the lin genes under environmental conditions. Further detailed analysis of the -HCH catabolic plasmids in MM-1 should provide more insight into the mechanisms of bacterial adaptation and evolution in response to man-made chemical compounds.
